Recent advances in atomically thin two-dimensional transition metal dichalcogenides (2D TMDs) have led to a variety of promising technologies for nanoelectronics, photonics, sensing, energy storage, and opto-electronics, to name a few. This article reviews the recent progress in 2D materials beyond graphene and includes mainly transition metal dichalcogenides (TMDs) (e.g. MoS 2 , WS 2 , MoSe 2 , and WSe 2 ). These materials are finding niche applications for next-generation electronics and optoelectronics devices relying on ultimate atomic thicknesses. Albeit several challenges in developing scalable and defect-free TMDs on desired substrates, new growth techniques compatible with traditional and unconventional substrates have been developed to meet the ever-increasing demand of high quality and controllability for practical applications. The fabrication of novel 2D TMDs that exhibit exotic functionalities and fundamentally new chemistry is highlighted. And finally, in parallel with the electronics, the considerable effort devoted to using these materials for energy and sensing applications is discussed in detail.
Introduction
The great success of graphene has been followed by an equally impressive surge for the development of other 2D materials that can form atomic sheets with extraordinary properties. Interestingly, the 2D library grows every year and feature more than 150 exotic layered materials that can be easily split into a subnanometer-thick materials [1] [2] [3] . These include 2D TMDs (e.g. molybdenum disulfide (MoS 2 ), molybdenum diselenide (MoSe 2 ), tungsten disulfide (WS 2 ), and tungsten diselenide (WSe 2 )), hexagonal boron nitride (h-BN), borophene (2D boron), silicene (2D silicon), germanene (2D germanium), and MXenes (2D carbides/nitrides) [4] [5] [6] [7] [8] [9] [10] [11] . Figure 1 is a year-wise publication list of 2D materials that show the increasing trend of studying TMDs. Depending on their chemical compositions and structural configurations, atomically thin 2D materials can be categorized as metallic, semi-metallic, semiconducting, insulating, or superconducting. The first graphene descendants that sparked intense research activity are TMDs, which are almost as thin, transparent and flexible as graphene [12, 13] . Unlike graphene, many 2D TMDs are semiconductor in nature and possess huge potential to be made into ultra-small and low power transistors that are more efficient than state-of-the-art silicon based transistors fighting to cope with ever-shrinking devices [14, 15] . Besides sharing the similarities of a band gap in the visible-near IR range, high carrier mobility, and on/off ratio with ubiquitous silicon, TMDs can be deposited onto flexible substrates and survive the stress and strain compliance of flexible supports [16, 17] .
2D TMDs exhibit unique electrical and optical properties that evolve from the quantum confinement and surface effects that arise during the transition of an indirect bandgap to a direct bandgap when bulk materials are scaled down to monolayers. This tunable bandgap in TMDs is accompanied by a strong photoluminescence (PL) and large exciton binding energy, making them promising candidate for a variety of opto-electronic devices, including solar cells, photo-detectors, light-emitting diodes, and photo-transistors [18] [19] [20] [21] [22] . For example, unique properties of MoS 2 include direct bandgap ($1.8 eV), good mobility ($700 cm 2 V À1 s
À1
), high current on/off ratio of $10 7 -10 8 , large optical absorption ($10 7 m À1 in the visible range) and a giant PL arising from the direct bandgap (1.8 eV) in monolayer; thus, it has been studied widely for electronics and optoelectronics applications [23] . van der Waals (vdW) gaps between each neighboring layer and large specific surface area due to sheet-like structures are distinct features that make 2D TMDs highly attractive for capacitive energy storage (e.g. supercapacitors and batteries) and sensing applications [24, 25] . The large surface-to-volume ratio bestows 2D TMDs based sensors with improved sensitivity, selectivity and low power consumption. Unlike digital sensors, TMDs based sensors do not have physical gates for selectively reacting to the targeted gas molecules or biomolecules [26, 27] . MoS 2 -based FET devices have potential applications in gas, chemical, and bio-sensors. Another aspect of the weakly bonded 2D TMDs atomic layers is that they can be easily isolated and stacked with other TMDs to construct a wide range of vdW heterostructures without the limitation of lattice matching [28, 29] . Stacking together one-atom-thick sheets of dissimilar TMDs, for example, vertically stacked heterostructures allows for the realization of unique functions and superior properties that cannot be obtained otherwise. By exploiting such novel properties in these vdW heterostructures as band alignment, tunneling transports, and strong interlayer coupling, several new electronic/opto-electronic devices such as tunneling transistors, barristers, photodetectors, LEDs and flexible electronics can be fabricated [30, 31] . Figure 2 depicts the diverse devices constructed from the 2D TMDs by using their unique physical, chemical, and opto-electronic properties [32] [33] [34] [35] [36] [37] .
Even though 2D TMDs exhibit a breadth of new properties that are distinct from traditional bulk materials or thin films, developing such materials into large-scale and defect-free atomic layers with thickness controllability on desired substrates is challenging. The state-of-art mechanical exfoliation method produces high quality monolayers of TMDs, but this technique is not scalable [38, 39] . Chemical vapor deposition (CVD) is one possible way of doing this due to its potential for high scalability and degree of morphological control [40] . Recent developments have led to marked improvements in the quality of TMD layers produced via CVD method. Metal-organic CVD (MOCVD) and atomic layer deposition (ALD) are the other emerging candidates for the growth of wafer-scale and highly quality TMD films [41, 42] . TMDs grown by these methods are not only uniform over the entire substrate, but also are comparable in performance to the atomic layers produced by the standard exfoliation method.
The field of 2D materials is an ever-expanding research area, and the search for other 2D materials beyond graphene is not just limited to TMDs. New 2D materials such as silicene and phosphorene are strong contenders in the rapidly emerging realms of 2D materials [43, 44] . Several theoretical studies address the fundamental properties of these new 2D materials; however, experimental perspectives are still in their infancy due to stability issues.
This review highlights the recent advances in the synthesis of large-scale and defect-free 2D TMDs. Moreover, we focus on the recent progress in electronic, opto-electronic, and electrochemical properties of newly studied TMDs with rational designs and new structures for potential applications in electronics, sensors, and energy storages. Additionally, we discuss recent breakthroughs in the newest families of 2D materials like silicene and phosphorene. The wide range of interesting properties and potential for use in emergent technologies suggest TMDs are likely to remain an important research area for years to come.
Crystal structure and physical properties
TMDs are layered materials in which each unit (MX 2 ) is composed of a transition metal (M) layer sandwiched between two chalcogen (X) atomic layers. Depending on the arrangement of the atoms, the structures of 2D TMDs can be categorized as trigonal prismatic (hexagonal, H), octahedral (tetragonal, T) and their distorted phase (T 0 ) as shown in Fig. 3a . Typical atomic ratio in layered TMDs exhibits one transition metal to two chalcogen atoms to create MX 2 except several cases such as 2:3 quintuple layers (M 2 X 3 ) [45] and 1:1 metal chalcogenides (MX) [46] . In H-phase material, each metal atom puts six branches out to two tetrahedrons in +z and Àz directions while the hexagonal symmetry can be seen in the top view (Fig. 3a) . Therefore, chalcogen-metal-chalcogen arrangement along z-direction is considered as single layer, and weak vdW interactions between each layer (chalcogen-chalcogen) enable mechanical exfoliation from bulk TMDs to obtain single layer flake. T-phase has a trigonal chalcogen layer on the top and 180 degree rotated structure (so-called trigonal antiprism) at the bottom in a single layer and results in hexagonal arrangement of chalcogen atoms in the top view. Metal atoms are distorted further (or dimerized in one direction), called T 0 -phase [47, 48] , resulting in the modification of atomic displacement of chalcogen atoms along z-direction (d).
Despite the extraordinary mobility of electrons (i.e. $15,000 cm 2 V À1 s À1 at room temperature) in graphene, the lack of a bandgap restricts its use as an active element in FETs [49] . Tremendous efforts to open the bandgap of graphene using nanoribbons, AB-stacked bilayer graphene, and chemical doping have met with marginal success providing the bandgap opening up to 200 meV in most cases [50] [51] [52] . This remains a challenging issue and has been a driving force in developing 2D TMDs with a finite bandgap. As listed in Fig. 3b , 2D TMDs reveal a wide range of bandgap covering all visible and infrared range with the choice of material [53] . Most semiconducting 2D TMDs reveal direct bandgap in monolayer, whereas they are indirect bandgap in bulk form except few cases of GaSe and ReS 2 [54, 55] . For example, monolayer dichalcogenides such as MoS 2 (1.8 eV), MoSe 2 (1.5 eV), (2H)-MoTe 2 (1.1 eV), WS 2 (2.1 eV) and WSe 2 (1.7 eV) show direct bandgap, whereas bulk phases exhibit indirect gap with smaller energies. Most MX 2 materials have both metallic phase and semiconducting phase [56] . The stable phase of MX 2 material at room temperature is 2H phase, whereas 1T phase can be obtained by Li-intercalation [57] or electron beam irradiation [58] . The chemically exfoliated 1T MoS 2 phase is known to be 10 7 times more conductive than the semiconducting 2H phase [59] . In case of WTe 2 , 1T or 1T 0 phase is more stable than 2H phase at room temperature [60] . Both 2H and 1T 0 phase in MoTe 2 can be easily modulated into each other because the cohesive energy difference between both phases is similar to each other. Besides, the dichalocogenides of titanium (Ti), chromium (Cr), nickel (Ni) , zinc (Zn), vanadium (V), niobium (Nb), and tantalum (Ta) simply exhibit metallic behavior [61] . Since most of the MX 2 are free from dangling bonds, and some of them exhibit high mobility, depending on the choice of appropriate substrate and metal contacts as well as mobility suppression through grain boundaries, etc. 
FIGURE 2
Electronic, opto-electronic and energy devices based on 2D transition metal dichalcogenides (TMDs). (Reprinted with permission from Ref. [32] . 2015, Nature Publishing Group; Ref. [33] . 2014, Nature Publishing Group; Ref. [34] . 2015, Royal Society of Chemistry; Ref. [35] . 2012, John Wiley and Sons; Ref. [36] . 2015, Nature Publishing Group; and Ref. [37] . 2014, American Chemical Society.)
suspended few-layer MoS 2 nanosheets [64] . Bertolazzi et al. [65] reported high in-plane stiffness and E of single-layer MoS 2 , that is, $180 AE 60 N m À1 and $270 AE 100 GPa, respectively. The Young's modulus of monolayer MoS 2 outperforms the stainless steel (204 GPa) and graphene oxide (207 GPa) [66] , which are attributed to the absence of stacking faults, high crystallinity and defect-free nature of the atomically thin TMDs. More recent progress in single component 2D layers is expanded to the group III and V elements. Atomically thin boron layer 'borophene' synthesis was recently carried out in an ultrahigh vacuum system with the evaporation of pure boron element at high temperature (450-7008C) on silver (Ag) (111) . Anisotropic metallicity is confirmed by scanning tunneling spectroscopy, while bulk boron allotropes are semiconductors [67] . Bulk black phosphorous (BP) was synthesized by chemical vapor transport of red phosphor in the presence of transport agent [68] or pressurization (>1.2 GPa, 2008C) [69, 70] . BP film is a strong candidate for applications to electronic devices due to their high mobility ($1000 cm 2 V À1 S À1 ) with ambipolarity [71] [72] [73] . Layered metal carbides/nitrides, MXenes [74] , are located at the bottom in the schematic with graphene also show metallic behavior. The structure and properties such as charge density wave (CDW), magnetism (ferromagnetic and anti-ferromagnetic), and superconductivity of 2D TMDs are summarized in Fig. 4 . The detail description of all these properties in each material is beyond the scope of this review.
In addition to TMDs, borophene, silicene, germanene and stanene are predicted as exotic 2D materials that could show many intriguing properties. However, these materials are quite unstable in air [75] and therefore need encapsulation or hydrogen termination to generate SiH or GeH in silicene or germanene. Borophene is characterized as a metal. Silicene opens a bandgap slightly by 1.9 meV and germanene by 33 meV and stanene by 101 meV, which is an opposite trend with atomic number [76] . Recent work reveals the performance of silicene as a field effect transistor (FET), which is promising for future 
FIGURE 4
Table for various 2D TMDs and other 2D materials exhibiting various physical properties such as magnetism (ferromagnetic (F)/antiferromagnetic (AF)), superconductivity (s) and charge density wave (CDW) and crystal structures (2H, 1T).
electronics [77] . Stanene is predicted as a candidate of 2D topological layer.
Recent advance in synthesis processes for 2D TMDs
Considerable efforts have been devoted to the synthesis of controllable, large-scale, and uniform atomic layers of diverse 2D TMDs using various top-down and bottom-up approaches, including mechanical exfoliation, chemical exfoliation, and chemical vapor deposition (CVD). Most of the reported data and theory on the fundamental physics and devices on 2D TMDs have largely relied on the exfoliation method due to its high quality. However, the critical limitations of the flake size and film uniformity have dragged its development beyond the fundamental studies. On the contrary, the CVD process has been studied for scalable and reliable production of large area 2D TMDs. Nevertheless, CVD grown TMDs show poor quality as compared to their exfoliated counterparts.
Very recently, attempts have been made to obtain high quality TMDs with thickness controllability and wafer-scale uniformity using atomic layer deposition (ALD), metal-organic-CVD (MOCVD), and direct deposition methods (sputtering, pulsed laser deposition (PLD), e-beam). The 2D materials forming chemical reactions generally use either thermal energy from a heated substrate or non-thermal energy such as microwave or photon energy into the reaction process and the 2D materials forming process depends on lattice parameter of substrates, temperatures, and atomic gas flux [78, 79] . Here, we will focus our discussion on the 2D TMDs growth by CVD, MOCVD, and ALD methods with their pros and cons.
Chemical vapor deposition/vapor phase growth process
The CVD is one of the most effective methods to achieve large area growth of atomically thin 2D TMDs for the successful device applications. The simplest form of CVD to grow 2D TMDs is the co-evaporation of metal oxides and chalcogen precursors that lead to vapor phase reaction followed by the formation of a stable 2D TMD over a suitable substrate. The growth mechanism of CVD method differs in each synthesis process as the materials forming process also depends on (1) properties of substrate, (2) temperature and (3) atomic gas flux as briefly discussed in the following section.
(1) Properties of substrate: the atomic layer of 2D materials is influenced by nanoscale surface morphology and terminating atomic planes of substrates as well as lattice mismatching. It was reported that the surface energy of substrate affects the nucleation and growth of 2D TMDs [80] . (2) Temperature: the reaction process is limited by the growth temperature. Normally, if the growth temperature is high, that is, the surface diffusion is fast enough, a randomly deposited adatom will move to the energetically most favorable places and results in a 3D island growth. On the other hand, if the substrate temperature is too low, an amorphous or polycrystalline film will form since adatoms will not have enough kinetic energy to diffuse and find the lowest potential energy site [81] . (3) Atomic gas flux: atomic gas flux is another important parameter to achieve high quality 2D materials growth. Only a sufficient high vapor pressure enables mixing of atomic gases and transport the atomic species to the substrate. The stability of vaporized atoms is required to prevent unnecessary reaction during vaporized atom transport to the substrate. The vaporized atoms are transported by a carrier gas to the substrate and the flow rate of vapored atom is governed by the ClausiusClapeyron equation: d(ln P)/dT = DH/kT, where DH is the enthalpy of evaporation, P is the partial pressure of the evaporated atom [82] . Lee et al. [83] This simple process is capable of producing large-scale MS 2 ; however, it often results in the formation of randomly distributed flakes rather than a continuous film. The inhibition of the growth of MoS 2 was attributed to the presence of interfacial oxide layer as a significant obstacle. In a similar approach, Najmaei et al. [84] synthesized MoS 2 atomic layers on Si/SiO 2 substrates by using the vapor-phase reaction of MoO 3 and S powders and reported the formation of MoS 2 monolayer triangular flakes on the substrates rather than the formation of a continuous MoS 2 layer. The average mobility and maximum current on/off ratio of the MoS 2 flakes showed 4.3 cm 2 V À1 s À1 and $10 6 , respectively. Wang et al. [85] found an interesting shape evolution in CVD grown MoS 2 domains from triangular to hexagonal geometries depending upon the spatial location of the silicon substrate as shown in Fig. 5a . Yu et al. [86] developed a new method that precisely control the number of MoS 2 layers over a large area by using MoCl 5 and sulfur as precursors. But, the mobility of charge carriers in MoS 2 -FET was found to be very low (0.003-0.03 cm 2 V À1 s
À1
). Another facile method for growing large area and continuous TMDs is using the 'two-step method, depositing transition metal thin film (e.g. Mo, W, Nb, etc.) on substrate (usually Si/SiO 2 ) followed by thermal reaction with chalcogen (S, Se, Te) vapor. The following reaction occurs to form a stable 2D TMD during the CVD process at high temperatures (300-7008C) and inert atmosphere.
MðsÞ þ 2SðgÞ ! MS 2 ðsÞ
This 'two-step method' has demonstrated wafer scale fabrication ($2 in.) and successful thickness modulation of MoS 2 layers (multilayer to monolayer) on SiO 2 /Si substrates (Fig. 5b) [87] . After metal deposition (W, Mo) with controlled thickness, the metalcoated substrate and sulfur powder were placed inside the CVD furnace, and the reaction environment was kept inert under a constant flow of $200 sccm Ar at 6008C for 90 min. However, in monolayer MoS 2 grown, point defects and double layers' domains were present as confirmed by high-resolution transmission electron microscopy (HRTEM) and Raman analysis. Electrical measurements on MoS 2 FETs revealed a semiconductor behavior with much higher field effect mobility ($12.24 cm 2 V À1 s
À1
) and current on/off ratio ($10 6 ) as compared to previously reported CVDgrown MoS 2 -FETs and amorphous silicon (a-Si) or organic thin film transistors. Zhan et al. [88] used e-beam evaporation and CVD methods to grow large area MoS 2 films and found a p-type conduction but with very poor mobilities in the range of 0. , respectively. However, the metal-sulfurization method offers controllable thickness with large scale production, but it is still limited to the production of small grain size with defects. In addition to metal film approach, direct sulfurization/selenization of various metal oxide and chloride precursors such as (NH 4 ) 2 MoS 4 , MoO 3 , WO 3 and MoO 2 have been widely employed to grow TMDs. Elias et al. [90] controlled the thickness of the WO 3 coating for the large-area growth of singlelayer and few-layer WS 2 sheets. (NH4) 2 MoS 4 and similar sulfide precursors have been used, but with uncontrolled layer thicknesses [91] . During selenization of oxide and chloride coatings, hydrogen gas is usually introduced to assist the reaction and to it help in tailoring the crystalline shape of TMDs [92] .
Metal-organic chemical vapor deposition (MOCVD)
The MOCVD is similar to a conventional CVD except that metalorganic or organic compound precursor are used as the source materials [93, 94] . In MOCVD reaction, the desired atoms are combined with complex organic molecules and flown over a substrate where the molecules are decomposed by heat and the target atoms are deposited on the substrate atom by atom. The quality of films can be engineered by varying the composition of atoms at atomic scale, which results in the desired thin film with high crystallinity. Figure 6 is the representative schematic of the MOCVD method showing various steps involved during the synthesis of 2D materials. As shown in Fig. 6 , a series of surface reactions occur during MOCVD process including adsorption of precursor molecules followed by surface kinetics (i.e. surface diffusion), nucleation and growth of desired material with the desorption of the volatile product molecules.
MOCVD has been used to grow 2D TMDs only very recently. The advantages of MOCVD in 2D TMDs growth are: (i) it can achieve large-scale and uniform growth of 2D TMDs, (ii) it provides a precise control over both metal and chalcogen precursors and thereby controls the composition and morphology of 2D TMDs. In this regard, Kang et al. [95] synthesized wafer-scale (4-in.) monolayer and few layers MoS 2 and WS 2 films on SiO 2 substrates by using molybdenum hexacarbonyl (Mo(CO) 6 ), tungsten hexacarbonyl (W(CO) 6 ), ethylene disulfide ((C 2 H 5 ) 2 S), and H 2 gas-phase precursors with Ar gas carrier. The team shows large-scale MoS 2 and WS 2 films on 4-in. fused silica substrates (Fig. 7a) , and about 8000 MoS 2 FET devices fabricated by a standard photolithography process (Fig. 7b) (Fig. 7c) . Figure 7d is the time evolution of the monolayer coverage over the entire substrate as a function of critical time (t 0 ). Recently, Eichfeld et al. [96] claimed the first report on the largearea growth of mono and few-layer WSe 2 via MOCVD using W(CO) 6 and dimethylselenium ((CH 3 ) 2 Se) precursors. They showed that the temperature, pressure, Se:W ratio, and substrate choice that have significant impact on the morphology of WSe 2 films. It is clear from Fig. 8a that WSe 2 has distinct morphology on different substrates including epitaxial graphene, CVD graphene, sapphire and BN. WSe 2 grew with large nucleation density on
FIGURE 6
Deposition process on the substrate and surface processes in MOCVD while growing active layers on the substrate. The gaseous precursors are thermally decomposed and adsorbed on the substrate followed by surface diffusion kinetics to form high quality thin films. graphene, while the largest domain size of about 5-8 mm was observed on sapphire. Figure 8b shows the influence of the gas flow rate on the domain size and shape of WSe 2 grown on epitaxial graphene. Besides flow rate, the domain size increases with increasing total pressure and temperature. A 200% increment in the grain size (700 nm to 1.5 mm) occurred as temperature rose from 800 to 9008C. The results were similar on sapphire substrates. Besides pressure and temperature, the Se:W ratio and total flow through the system greatly impact the domain size of WSe 2 films. An increase in Se:W ratio from 100 to 2000 allows an increase in the domain size from 1 to 5 mm. An increase in total gas flow from 100 to 250 sccm enhances domain size up to 8 mm. The I-V characteristics confirm the presence of a tunnel barrier to vertical transport created by the WSe 2 and thereby evidences that a pristine van der Waals gap exists in WSe 2 /graphene heterostructures. Furthermore, this method is used to grow MoS 2 /WSe 2 /graphene and WSe 2 /MoS 2 /graphene heterostructures (Fig. 8c ) [97] . Interestingly, they discovered that directly grown heterostructures by MOCVD exhibit resonant tunneling of charge careers that leads to large negative differential resistance (NDR) at room temperature as shown in Fig. 8d . The MOCVD method is versatile, highly scalable, and provides significant stoichiometric control over the films, but the use of toxic precursors, slow film growth rate and high production cost set it back for the widespread use.
Atomic layer deposition (ALD)
ALD is a gas phase chemical process to deposit atomically thin films of various materials layer by layer by using precursors to react them with substrate. Although ALD has been used widely for oxide materials, several binary sulfide materials have been studied successfully by several research groups. Fig. 9b . Monolayer WS 2 FETs fabricated in the top-gate geometry showed n-type conduction with an electron mobility of $3.9 cm 2 V À1 s À1 (Fig. 9c) S precursors, respectively. The as-deposited sample was annealed at 9008C to crystallize them into a 2H-MoS 2 phase. The above studies reveal clearly that the growth temperature was quite high (800-10008C) and films resulted in crystallite size in sub-10 nm range. Hence, the development of a better ALD approach to grow high quality, large-scale with precise control of atomic layer thickness in MX 2 is imperative. In this direction, Delabie et al. [101] demonstrated the low temperature (300-4508C) growth of WS 2 atomic layers enabled by Si and H 2 plasma reducing agents for CVD and ALD, respectively, in the presence of WF 6 and H 2 S precursors. No template layer or post deposition annealing treatment was performed on these layers [102] . ALD method is highly scalable with precise thickness controllability usually at low substrate temperatures; its expensive nature and use of highly sensitive precursors are big concerns.
Applications
2D TMD materials are considered attractive for diverse applications including electronics, photonics, sensing, and energy devices. These applications are inspired by the unique properties of layered materials such as thin atomic profile that represents the ideal conditions for maximum electrostatic efficiency, mechanical strength, tunable electronic structure, optical transparency, and sensor sensitivity [103] . Of particular interest for applications is flexible nanotechnology, which is considered for potentially ubiquitous electronics and energy devices that can benefit from the range of outstanding properties afforded by 2D materials. Flexible technology comprises a wide array of scalable large-area devices including thin film transistors (TFTs), displays, sensors, transducers, solar cells and energy storage on mechanically compliant substrates. 
Electrical and optoelectronics applications
The scaling limits of conventional silicon-based technology over the last decades suggest that atomically thin semiconductors such as TMDs might be applicable for future generation large-scale electronics [104] , provided manufacturing and integration challenges can be resolved. Indeed, the first consumer product featuring graphene touch panel displays in smart-phones was released in China in 2014, after only ten years of global graphene research, a relatively short time in the innovation cycle. Moreover, in this timeframe, several articles have reviewed breakthroughs and perceived applications of 2D materials [105, 106] . Here, we will discuss progress in flexible electronics, particularly 2D TFTs, which is the core device required for many flexible technology device concepts, much like the conventional ones (FET is the central device for virtually all uses of semiconductor technology). After several years of active research and development, highperformance 2D TFTs based on synthesized MoS 2 have now been achieved. These TFTs operating at room temperature feature the characteristic high on/off current ratio and current saturation expected from high-quality TMDs (Fig. 10a,b) . In particular, electron mobility $50 cm 2 V À1 s À1 and current density $250 mA/mm have been observed, which is very encouraging for high-performance TFTs. Importantly, cut-off frequencies exceeding 5 GHz have been realized on flexible plastic substrates at a channel length of 0.5 mm (Fig. 10c) . At first, this was rather surprising given the relatively low mobility of MoS 2 ; however, at the high fields needed for maximum high frequency operation, transport is determined by the saturation velocity (v sat ) that turns out to be sufficiently reasonable ($2 Â 10 6 cm/s) to achieve GHz speeds at sub-micron channel lengths [107] . In addition, flexible monolayer MoS 2 TFTs offer robust electronic performance to 1000 s of cycles of mechanical bending (Fig. 10d) . Altogether, the combined high on/off ratio, saturation velocity and mechanical strength make MoS 2 and related TMDs very attractive for low-power RF TFTs for advanced flexible Internet of Things (IoT) and wearable connected nanosystems. Toward this end, a simple wireless flexible radio receiver system has been demonstrated using monolayer CVD MoS 2 for demodulation of the received signal, the central signal processing function of wireless receivers (Fig. 10e) .
For higher speed or frequency operation, newer 2D materials such as BP show significant promise with reported transistor mobility as high as $1000 cm 2 V À1 s À1 (Fig. 11a) , approaching that of CVD graphene, and on/off ratios typically >10 2 -10 3 at room temperature [108] . In essence, BP can be viewed as a 2D crystal that offers optoelectronic properties in between zero-bandgap high-mobility graphene and large-bandgap low-mobility TMDs. A primary application of BP is for high-performance high-mobility flexible nano-optoelectronics. In this regard, the first flexible BP TFTs was reported in 2015 [109] , and offered ambipolar transport with hole and electron mobilities (Fig. 11b) higher than the established thinfilm materials based on metal oxides, organic semiconductors and amorphous Si. This is all the more interesting since the fabricated flexible BP TFTs were not optimized in terms of contacts and interfaces, thereby suggesting significant room for performance improvement. Output characteristics of flexible BP TFTs show strong current saturation (Fig. 11c) . The current saturation and ambipolar properties have been exploited to realize inverting and non-inverting analog amplifiers, and digital inverters and frequency multipliers, respectively, on flexible substrates [110] . Based on the experimental saturation velocity of the different 2D materials from TMDs to graphene, the high-frequency application space for flexible nanosystems is depicted in Fig. 11d . TMDs are suitable for low-power RF and IoT systems, BP with the higher v sat is attractive for wireless microwave and 5G systems, and graphene with the highest mobility and v sat can enable flexible THz detectors and communication systems [111, 112] .
Energy applications
2D TMDs are gaining significant attention as electrode materials for energy storages, such as supercapacitors and Li-ion batteries, due to their atomically layered structure, high surface area and excellent electrochemical properties. Such layered structures provide more sites for ions in energy storage while maintaining structure stability during charge and discharge cycles. The high surface area of 2D materials (e.g. the surface area of graphene shows 2630 m 2 /g, which is the highest among carbon materials) when combined with surface functionality and electrical conductivity, make them as an ideal electrode for energy storages [113] [114] [115] .
A supercapacitor is a high-capacity electrochemical capacitor with capacitance values one order higher than Li-ion batteries consisting of two symmetric electrodes separated by a membrane, and an electrolyte ionically connecting both electrodes. When the electrodes are polarized by an applied voltage, ions in the electrolyte form electric double layers of opposite polarity to the electrode's polarity. In certain electrode materials, some ions may permeate the double layer and become specifically adsorbed ions and contribute with pseudocapacitance to the total capacitance of the supercapacitor. MoS 2 exhibits large electrical double layer capacitance (EDLC) due to its stacked-sheet-like structure and large pseudo-capacitance owing to different Mo oxidation states (+2 to +6) and has become a promising supercapacitor electrode material in the 2D materials fraternity [116] [117] [118] . However, potential problems associated with its widespread use are small flake size, production with low yield and uncontrollable thickness and defects by the exfoliation and hydrothermal methods [119, 120] .
Tuning the surface morphology of MoS 2 nanosheets is an important parameter for their superior electrochemical performance. Tour et al. [121] fabricated edge oriented/vertically aligned MoS 2 nanosheets that opened more van der Waals gaps and offered reactive dangling bonds sites to the electrolyte ions and thereby manifest large capacitive properties (Fig. 12a) . The spongelike vertically aligned MoS 2 flexible supercapacitor electrodes demonstrated a high areal capacitance up to 12.5 mF cm
À2
. The limited electrical conductivity of the most common 2H-MoS 2 phase makes it less attractive material for supercapacitor electrode as reported at instances [122, 123] . This compels Rutgers university researchers to develop a metallic MoS 2 phase (1T) which has 10 7 times higher conductance than semiconducting phase (Fig. 12b) . The chemically exfoliated MoS 2 nanosheets-derived supercapacitor electrodes demonstrated excellent capacitive performance, with capacitance values ranging from $400 to 700 F cm À3 in a variety of aqueous electrolytes [124] . Choudhary et al. [34] reported the direct fabrication of a large-scale and unique 3D-porous MoS 2 supercapacitor electrode on flexible substrates (copper, polyimide) using magnetron sputtering techniques, as shown in Fig. 12c . The unique 3D porous surface facilitated the large intercalation of electrolyte ions and exhibited a high areal capacitance of 33 mF cm À2 ($330 F cm
À3
) at a discharge current density of 25.47 mA/cm 2 . Moreover, the electrode showed $97% capacitance retention over 5000 cycles, which indicates its excellent cyclic stability. Unlike MoS 2 , MXenes are highly conductive and excellent hydrophilic, which allow them to show very large volumetric capacitance of $900 F cm À3 [125] .
Most commercial grade Li-ion batteries are based on graphite anode and lithium cobalt oxide (LiCoO 2 ) as well as offer limited theoretical specific capacities of 372 mAh/g and measured capacities of 150 mAh/g, which are not suitable to meet the current demand [126, 127] . 2D MoS 2 has become an intriguing anode material for Li-ion batteries as it offers a high theoretical capacity of $670 mAh/g and large van der Waal gaps between MoS 2 layers that allow the intercalation of Li + ions into the structure without significant volume change and preclude the disintegration of active materials during charging and discharging [128] [129] [130] . 
2D TMDs sensors
The huge demand for developing highly sensitive, selective, low power consuming, reliable and portable sensors has stimulated extensive research on new sensing materials based on 2D allotropes of TMDs and phosphorous after the great success made by their 2D carbon analog, that is, 'graphene'. The high surface to volume ratio in 2D TMDs offers huge potential for the detection of large amounts of target analysts per unit area as well as rapid response and recovery with low power consumptions [137] [138] [139] . Moreover, the recent demonstration of scalable synthesis of 2D TMDs has shown the potential to fabricate cost-effective sensors. Figure 13 shows the use of 2D TMDs such as MoS 2 , WS 2 , etc. for various sensing applications including gas, chemical, and biosensors.
As expected, most of the reported 2D TMDs based sensors have been realized using mechanically exfoliated or liquid phase exfoliated MoS 2 flakes [140, 141] . For example, Li et al. [35] fabricated MoS 2 -FET sensor device using mechanically exfoliated single and few layer MoS 2 films to detect nitric oxide (NO). It was observed that MoS 2 films exhibited a very high sensitivity to NO with a low detection limit of 0.8 parts per million (ppm). A chemically exfoliated MoS 2 flakes-based sensor by Donarelli et al. [142] outperforms similar sensors, with a measured detection limit of 20 parts per billion (ppb) when exposed to nitrogen dioxide (NO 2 ) gas. The potential mechanism for the p-type behavior of the sensing material (MoS 2 ) toward NO 2 is the N substitutional doping of S vacancies in the MoS 2 surface. This detection limit is the lowest ever measured to NO 2 for MoS 2 -based sensors and is comparable or better than ZnO-, graphene oxide-, and CNT-based sensors. BP and its single atomic layer (phosphorene) have shown great possibility to be effectively employed for gas detection similar to other 2D materials like graphene, MoS 2 , etc. [143, 144] . Cui et al. [36] reported up to 20 ppb level detection sensitivity in their mechanically exfoliated phosphorene nanosheets (PNS)-based FET device in a dry air environment. Abbas et al. [145] reported excellent sensitivity for detection of NO 2 down to 5 ppb using FETs based on few layer phospherene. Figure 14a ,b is the schematic of the multilayer phospherene FET sensor and its sensing performance at different concentrations of NO 2 , respectively. It is observed that phospherene sensor responds to NO 2 concentrations down to 5 ppb, which is evident by a conductance change of 2.9%. Perkins et al. [146] showed the possibility of using single layer MoS 2 as chemical sensors. The planar FET sensors made with monolayer MoS 2 on Si/SiO 2 wafers showed great response during exposure to various analytes, including standard laboratory chemicals, nerve gas agents, and other solvents like dichlorobenzene, dichloropentane, nitromethane, nitrotoluene, and water vapor.
Biosensing is another important aspect of 2D TMDs that has evidenced significant growth in recent years. Being larger in terms Materials Today Volume 20, Number 3 April 2017 RESEARCH
FIGURE 13
Various gas-, chemical-and bio-sensors constructed using 2D [156] . Hence, 2D TMDs (e.g. MoS 2 ) and phosphorene show the sensitivity up to 20 ppb and 5 ppb, respectively and with the fast response time in the range of 5-30 s. They outperform almost all traditional metal oxides based sensors, which have been limited by long recovery periods and high temperature operations [157] [158] [159] . However, the performance/sensitivity of the MoS 2 -based FET biosensor has been reported to be 74-fold better than state-of-art 2D graphene-based biosensors. The gas and chemical sensing performance need to be improved to compete with 1D and 2D carbonaceous materials, that is, CNT and graphene [160] . Chen et al. [161] demonstrated that the pristine graphene can detect gas molecule at extremely low concentrations with detection limits as low as 158 parts-per-quadrillion (ppq) with good selectivity. Table 1 is the comparison chart for 2D TMDs and phosphorene gas/chemical sensors with traditional and carbon-based gas sensors.
Despite significant progress, sensors fabricated using mechanical and liquid exfoliation are limited to small-scale fabrication and cannot meet with ever-increasing demand of industrial production. Cho et al. [162] reported more scalable approach by wafer-scale fabrication of MoS 2 sensor prepared by CVD method whose sensitivity for NO 2 and ammonia (NH 3 ) was comparable to the exfoliated MoS 2 -based sensors [163] . In another study [164] , the gas sensitivity of the 2D MoS 2 /graphene heterostructure gas sensor can reach a detection limit of about 1.2 ppm to NO 2 .
Conclusion and outlook
An in-depth review of recent advances in 2D TMDs materials synthesis and characterization, and their applications are presented. Progress in 2D TMDs materials provides the scientific community with many new opportunities to explore phenomena, concepts and technologies in electronics, opto-electronics and energy. Semiconducting 2D TMDs possess huge potential to be made into ultra-small and low power transistors that are more efficient than state-of-the-art silicon based FETs. With showing the compliance of 2D TMDs materials and flexible substrates, 2D TMDs have attracted considerable interest as flexible devices. Due to their atomically layered structure, high surface area and outstanding electrochemical properties, TMDs have been considered as a candidate for high efficiency energy storages, when combined with surface functionality and electrical conductivity. The large surface-to-volume ratio bestows 2D TMDs-based sensors with improved sensitivity, selectivity and low power consumption. Besides, TMDs have been attracted as new physics called ''Valleytronics'', which is due to strong spin-orbit interactions and lack of inversion symmetry at their ultimate atomic thickness. New families of 2D materials, such as BP, silicone, and germanene are expected to open new roads for low dimensional electronic/ energy devices, provided their stability issues are resolved.
Despite considerable progress in the synthesis of large-scale and uniform atomic layers of 2D TMDs, the quality of 2D TMDs has not yet reached that of mechanically exfoliated 2D TMDs flakes. To realize practical applications with advanced synthesis methods, key issues that should be advanced include single-layer controllability, defect-less film growth, doping and alloying of TMDs. As advanced synthetic methods currently being developed in the laboratory realize practical applications, we can expect that 2D TMDs whose functions are now only envisioned will revolutionize the electronics, opto-electronics and energy technologies. 
